Exercise induces an increase in glucose transport in muscle. As the acute increase in glucose transport reverses, it is replaced by an increase in insulin sensitivity. Interleukin-6 (IL-6) increases with exercise and has been reported to activate AMP-activated protein kinase (AMPK). Based on this information, we hypothesized that IL-6 would result in an increase in muscle insulin sensitivity. Rat epitrochlearis and soleus muscles were incubated with 120 ng/ml IL-6. Exposure to IL-6 induced a modest acute increase in glucose transport and was followed 3.5 h later by an increase in insulin sensitivity in epitrochlearis but not soleus muscles. IL-6 also brought about an increase in AMPK phosphorylation in epitrochlearis muscles. We conclude that exposure of fast-twitch muscle to 120 ng/ml IL-6 increases insulin sensitivity by activating AMPK. However, exposure of epitrochlearis muscles to 10 ng/ml IL-6, a concentration Ͼ100-fold higher than that attained in plasma during exercise, had no effect on glucose transport or insulin sensitivity. These findings provide evidence that the increases in glucose transport and insulin sensitivity induced by IL-6 are pharmacological rather than physiological effects. We interpret our results as evidence that the increase in IL-6 during exercise does not play a role in the exercise-induced increases in muscle glucose uptake and insulin sensitivity.
THE INFLAMMATORY CYTOKINE interleukin-6 (IL-6) has been implicated as a risk factor for, and/or a mediator of, a range of pathological processes. These include coronary heart disease (CHD)/myocardial infarction (18, 34) , congestive heart failure (5), functional disability/frailty in the elderly (4), arterial stiffness (43) , and insulin resistance/type 2 diabetes (7, 27, 32, 33, 36, 37) . In contrast, regularly performed, vigorous exercise has the opposite effects, including a decreased risk of CHD/ myocardial infarction (1, 2, 17, 35) , improvement of insulin action/reversal of insulin resistance, and prevention of type 2 diabetes (21, 21, 22, 35) , and decreased all causes of mortality (2, 17, 24, 31) . It seems surprising in this context that exercise results in production of IL-6 by the skeletal muscles with large increases in circulating IL-6 (6, 23, 30, 40) . Production of IL-6 and circulating levels of IL-6 increase with increasing work rates (12) . It is well documented that muscle glucose uptake also increases with increasing work rate despite concomitant increases in IL-6 production (12) . Furthermore, muscle insulin sensitivity is increased by exercise (15) despite the elevation of IL-6. Thus it seems clear that IL-6 does not impair muscle glucose uptake during or after exercise.
On the basis of this information, it appears that the acute and short-term effects of transient increases in IL-6 are very different from those associated with long-term elevations of IL-6 caused by conditions that result in chronic inflammation. It has been reported by Kelly et al. (19) that treatment of rat extensor digitorum longus muscle with 120 ng/ml IL-6 results in increased phosphorylation of AMP-activated protein kinase (AMPK). It is well documented that AMPK activation results in an increase in muscle glucose uptake (20, 26, 28) , which is followed by an increase in insulin sensitivity (8) . Thus it seemed possible that IL-6 might induce an increase in muscle insulin sensitivity by activating AMPK. In this context, it was the purpose of the study to determine the effect of IL-6 on glucose transport and insulin sensitivity in skeletal muscle. Treatment of rats and muscle preparations. Male Wistar rats (Charles River) weighing ϳ80 -120 grams were provided with Purina Rat Chow and water ad libitum. At 5:00 P.M., the evening before an experiment, food was removed. The rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (5 mg/100 g body wt) followed by the removal of the soleus and epitrochlearis muscles (13, 45) . The epitrochlearis is a small, thin muscle that is well suited for studies of glucose transport; it contains predominantly type IIB (fast-twitch, white) fibers. Soleus muscles consist predominantly of type I (slow-twitch red) fibers. The soleus muscles were split longitudinally into strips before incubation, as described previously (14) , to allow adequate diffusion of oxygen and glucose. All protocols were approved by the Animal Studies Committee of Washington University.
METHODS

Materials
Muscle treatments. Following dissection, muscles recovered for 60 min in flasks containing 2 ml of Krebs-Henseleit bicarbonate buffer (KHB) with 8 mM glucose, 32 mM mannitol (recovery medium), and a gas phase of 95% O 2-5% CO2 and were maintained at 35°C in a shaking incubator. Following recovery, muscles were incubated in rat serum in the presence or absence of IL-6 at concentrations of 120, 10, or 4 ng/ml for 30 min. The muscles were then rinsed briefly and incubated for 3 h in the recovery medium. Muscles were then transferred to the same medium with or without 60 U/ml insulin and incubated for 30 min with insulin before glucose transport activity measurement. For measurement of the acute effect of IL-6, muscles were incubated with or without IL-6 for 30 min before measurement of glucose transport.
Measurement of glucose transport activity.
The muscles were rinsed for 10 min at 29°C in 2 ml of oxygenated KHB containing 40 mM mannitol and insulin, if it was present during the previous incubation. After the rinse step, muscles were incubated for 20 min at 29°C in flasks containing 2 ml KHB with 4 mM 2-DG (1.5 Ci/ml) and 36 mM [
14 C]mannitol (0.2 Ci/ml), with or without 60 U/ml insulin, with a gas phase of 95% O2-5% CO2 in a shaking incubator (9) . The muscles were then blotted, clamp-frozen, and processed for determination of intracellular 2-DG accumulation and extracellular space as described previously (10, 47) .
Western blotting. Clamp-frozen epitrochlearis and soleus muscles were homogenized in a 10:1 (volume to weight) ratio of ice cold buffer containing: 50 mM Tris ⅐ HCl (pH 7.4), 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM each of EDTA, phenylmethylsulfonyl fluoride, and NaF, 1 g/ml each of aprotinin, leupeptin, and pepstatin, 0.1 mM bis-peroxovandium,1,10-phenanthrolene, 25 M okadaic acid, and 2 mg/ml ␤-glycerophosphate. Homogenized samples were centrifuged for 15 min at 1,250 g at 4°C. The protein concentration of the supernatant was determined by the method of Lowry et al. (23a) . Samples were prepared in 2ϫ Laemmli buffer containing 100 mM dithiothreitol and heated in a boiling water bath for 5 min.
To determine the amounts of phosphorylated AMPK and Akt/ PKB, and of total AMPK, muscle samples were subjected to SDS-PAGE as described previously (45, 46) . To compare the effect of in vitro incubation of IL-6 on AMPK phosphorylation with the capacity for AMPK activation by 5-aminoimidazole-4-carboxamide-1-␤-D-ribanofuranosyl (AICAR), one rat was subcutaneously injected with 1 mg/g body wt AICAR, as described previously (44) . After 1 h, the animal was anesthetized with 5 mg/100 g body wt, and the epitrochlearis was dissected out and treated in the same manner as other muscles used for Western blot analysis.
Statistical analysis. Data are presented as means Ϯ SE. Comparisons between the means of the groups were made using a paired Student's t-test or a one-way ANOVA followed by a post hoc comparison using Fishers least-significant difference method. Statistical significance was set at P Ͻ 0.05.
RESULTS
Acute effects of IL-6 on glucose transport. As shown in Fig. 1, 30 min of exposure to 120 ng/ml IL-6 resulted in an approximately twofold increase in the rate of 2-DG transport in epitrochlearis muscles. The same treatment with IL-6 had no effect on glucose transport activity in the soleus (Fig. 1) .
IL-6 treatment increases insulin sensitivity in epitrochlearis muscles. When epitrochlearis muscles were incubated with 120 ng/ml IL-6 for 30 min and then allowed to recover for 3 h, the acute effect of IL-6 on glucose transport had completely worn off (0.36 Ϯ 0.04 mol 2-DG⅐ml Ϫ1 ⅐20 min Ϫ1 ). Treatment with 60 U/ml insulin for 30 min following the 3-h recovery resulted in an approximately twofold greater increase in glucose transport activity than occurred in muscles that had not been pretreated with IL-6 (Fig. 2) . This concentration of insulin (60 U/ml) results in ϳ50% of the maximal effect of insulin on glucose transport in unexercised epitrochlearis muscle preparations. In contrast to the increase in insulin sensitivity in the epitrochlearis muscle, pretreatment with IL-6 did not increase the effect of 60 U/ml insulin on glucose transport activity in the soleus muscle (Fig. 2) .
IL-6 treatment results in AMPK activation.
There was no increase in phosphorylation of PKB on Thr 308 in response to IL-6 (data not shown), providing evidence that IL-6 does not activate the insulin signaling pathway. Incubation of epitrochlearis muscles with 120 ng/ml IL-6 resulted in a significant increase in AMPK phosphorylation (Fig. 3) .
Lack of effect of lower concentrations of IL-6.
The decision to use an IL-6 concentration of 120 ng/ml in our initial study design was based on the report by Kelly et al. (19) , who used this concentration of IL-6 to stimulate AMPK phosphorylation. However, it appears from a search of the literature that the highest plasma concentration of IL-6 induced by exercise that has been reported is ϳ120 pg/ml (23), with more usual peak values of ϳ30 pg/ml (39, 40) . As might be expected, IL-6 Fig. 1 . Interleukin (IL)-6, at a concentration of 120 ng/ml, stimulates glucose transport in epitrochlearis, but not soleus, muscles. Muscles were incubated with 120 ng/ml IL-6 for 30 min followed by measurement of 2-deoxyglucose transport. Values are means Ϯ SE for 12 epitrochlearis and 9 soleus muscles/ group. *P Ͻ 0.02 vs. basal. Fig. 2 . IL-6, at a concentration of 120 ng/ml, increases insulin sensitivity in epitrochlearis but not in soleus muscles. Muscles were incubated with IL-6 for 30 min followed by a 3-h recovery period without IL-6. The muscles were then exposed to 60 U/ml insulin for 30 min followed by measurement of 2-deoxyglucose transport. Values are means Ϯ SE for 11 epitrochlearis and 9 soleus muscles/group. P Ͻ 0.01 vs. basal (*) and vs. basal and 60 U/ml insulin control (#).
attains a higher concentration in muscle interstitial fluid than in plasma. At the same time that plasma IL-6 was 120 pg/ml in the study by Langberg et al. (23) , gastrocnemius muscle interstitial IL-6 concentration, measured using microdialysis, was ϳ500 pg/ml (23) . Even if interstitial IL-6 concentration was 10-fold higher in exercised muscles than in plasma, it would be Ͻ1% as high as the concentration of IL-6 (120 ng/ml) shown to activate AMPK by Kelly et al. (19) and to increase AMPK phosphorylation, glucose transport, and insulin sensitivity in the present study.
We, therefore, did additional experiments to evaluate the effects of lower IL-6 concentrations. We found that incubation of epitrochlearis muscles with either 4 ng/ml (data not shown) or 10 ng/ml IL-6 did not result in a significant increase in glucose transport activity (Fig. 4A) . Using two times the amount of muscle protein and double the antiphospho-AMPK antibody that we normally use, we were able to detect a small increase (P Ͻ 0.08) in AMPK phosphorylation in response to treatment of muscles with 10 ng/ml IL-6. However, the effect of 10 ng/ml IL-6 was small compared with the effect of AICAR, which was used as a positive control (Fig. 4B) .
DISCUSSION
In light of the extensive evidence that IL-6 is a potent inflammatory cytokine that plays a role in the development of a range of pathologies, it seems surprising that exercise results in increases in plasma IL-6 to levels that are much higher than those seen in individuals with inflammatory diseases (23, (32) (33) (34) 40) . Exercise has a range of health benefits, and, aside from some skeletal muscle inflammation/damage, strenuous exercise does not appear to have harmful effects in individuals in whom exercise is not contraindicated because of medical problems. There has been much interest in the biological role(s) of the increase in IL-6 during exercise, and data obtained on humans has been interpreted as indicating that, rather than causing insulin resistance, IL-6 enhances insulin-stimulated glucose disposal during exercise (12) . On the basis of in vitro studies, this effect has been attributed to activation of AMPK (3, 19) . It is well documented that activation of AMPK results in an increase in muscle glucose transport (11, 20, 26, 28) and is followed by an increase in insulin sensitivity (8) .
In the first study to show that IL-6 activates AMPK, Kelly et al. (19) used an unphysiologically high concentration of IL-6. Using the same concentration of IL-6 (120 ng/ml), we confirmed their finding of an increase in AMPK phosphorylation. Not surprisingly, in light of the known effects of AMPK activation, this high concentration of IL-6 also resulted in increases in muscle glucose transport and insulin sensitivity in the epitrochlearis muscle. However, a lower concentration of IL-6 (10 ng/ml), which is still many times higher than the concentrations attained during exercise, had no effect on glucose transport. In contrast to our findings, Carey et al. (3) reported recently that 1 ng/ml IL-6 caused a measurable in- Fig. 4 . IL-6, at a concentration of 10 ng/ml, does not induce a significant increase in glucose transport activity (A) but does cause a modest increase in AMPK phosphorylation (B). See METHODS for description of experimental procedures. Values are means Ϯ SE for 11 muscles/group for measurement of 2-DG transport and 6 muscles/group for measurement of phospho-AMPK. Fig. 3 . IL-6, 120 ng/ml, increases AMP-activated protein kinase (AMPK) phosphorylation. Epitrochlearis muscles were incubated with 120 ng/ml IL-6 for 30 min followed by measurement of phospho-AMPK. Values are means Ϯ SE for 8 muscles/group. *P Ͻ 0.01 vs. basal. crease in 2-DG uptake and that 10 ng/ml IL-6 caused an approximately twofold increase in 2-DG uptake, whereas 1 and 10 ng/ml IL-6 caused large increases in translocation of GLUT4 to the cell surface in L6 myotubes (3) .
We have previously argued that L6 myotubes are not a good model for studying muscle glucose transport because they are only modestly responsive to insulin (16, 42) , with increases in glucose transport of 50 -100% in response to a maximal insulin stimulus, even in L6 myotubes transfected with myc-tagged GLUT4 (25, 29, 38, 41) . However, this criticism does not seem valid relative to the L6 myotubes used by Carey et al. (3) , which were remarkably responsive to insulin with a fourfold increase in GLUT4 translocation and threefold increase in 2-DG transport in response to insulin, and a fourfold increase in 2-DG transport in response to insulin plus IL-6. We have no explanation for the difference between our findings and those of Carey et al. (3) .
Nevertheless, we think it likely that findings obtained on rat skeletal muscle are more relevant to the effects of exercise than those obtained on myotubes and tentatively conclude that, although IL-6 can activate AMPK and muscle glucose transport, as well as increase muscle insulin sensitivity, it does so only at extremely high concentrations that likely have no biological relevance.
In light of the extensive evidence that IL-6 is a potent inflammatory cytokine that appears to play a role in development of a range of chronic pathologies, an obvious question is: Why do the much higher concentrations of IL-6 attained during exercise have no apparent harmful effects? Although our study sheds no light on this question, we offer the speculation that the harmful effects of IL-6 require continuous exposure of tissues to elevated levels of IL-6 for prolonged periods, whereas the elevations of IL-6 induced by exercise are brief.
In conclusion, we interpret the results of this study as evidence that IL-6, at the concentrations attained during exercise, does not acutely increase muscle glucose transport or insulin sensitivity.
